In 2009, the most commonly diagnosed type of cancer among women in the United States was breast cancer, accounting for 27% (192370) of all new cancer cases.
In 2009, the most commonly diagnosed type of cancer among women in the United States was breast cancer, accounting for 27% (192370) of all new cancer cases. 1) Despite improvements in detecting and treating the primary tumor, long-term survival is often compromised by the appearance of metastatic lesions in unrelated tissues such as the brain or bone.
2) The metastatic dissemination of tumor cells requires the acquisition of biological properties including enhanced migratory behavior and the capacity to breach blood vessel walls and the dense collagenous matrix surrounding tumors. 3, 4) Currently, there is no effective therapy for this cancer in the advanced stages after metastasis, and new approaches are urgently needed to treat such a malignant disease.
Hypoxia is an important factor that promotes cancer metastasis. 5, 6) In contrast to established cell lines cultured under normal oxygen concentrations, tumors in the body grow under a specific internal environment characterized by much lower oxygen concentrations. Tissue factor (TF) is frequently over-expressed in human tumors and exhibits dual influences through its signaling and procoagulant activity. 7) In some cases, tumor cells were found to ectopically produce the main TF ligand, plasma protein factor VII, an observation that may suggest a cancer-specific 'autocrine' activation of the TF pathway. 7) These new observations of TF suggest this unique molecule can be exploited in various ways to treat human cancer. As it is functionally involved in tumor initiation, growth and angiogenesis, TF could be a rational target for the development of agents to specifically kill tumor cells or block metastasis. 8) Overall, several new findings related to TF create a fascinating prospect that this unique molecule could be explored in various ways to treat human cancer.
Dwarf lilyturf tuber, a traditional Chinese medicinal (TCM) plant, is used widely in the clinics.
9) The saponin monomer 13 of dwarf lilyturf tuber (DT-13), one of the saponin monomers of dwarf lilyturf tuber isolated from Ophiopogon japonicus (THUNB.) ker-Gaul, 9, 10) has been found to exhibit anti-tumor effects.
11) However, direct evidence for the mechanism of action of DT-13 on tumors during hypoxia is lacking. Interestingly, in our preliminary experiments, we found that DT-13 could inhibit hypoxia-induced adhesion of cancer cells. Thus, the purpose of this present study was to investigate the effects of DT-13 on human breast carcinoma metastasis in hypoxic conditions, and explore the possible mechanism of DT-13 against tumor metastases.
MATERIALS AND METHODS

Cell Lines and Cell Culture
Human breast carcinoma MDA-MB-435 cells were cultured as monolayers in Dulbecco's modified Eagle's medium media (DMEM, Gibco) supplemented with 10% fetal calf serum (FCS, Gibco), 100 U/ml penicillin and 100 mg/ml streptomycin. To create hypoxic conditions, 70-80% confluent cells were placed in an anaerobic chamber (HERAcell 150, Thermo) with 1% O 2 and 5% CO 2 at 37°C.
Cytotoxicity Assays Inhibitory effects were determined using the Cell Counting Kit (CCK-8 kit, Dojindo Laboratories). Briefly, MDA-MB-435 cells were harvested, washed with phosphate buffered solution (PBS) and re-suspended in culture medium at 5ϫ10 4 cells/well. Twenty-four hours later, cells were treated with DT-13 (provided by Professor Bo-yang Yu, Fig. 1 ) or hydroxycamptothecin (HCPT, Hubei Huayuanshiji Pharmaceutical Co., Ltd., lot 070601). Triplicate experiments were performed in parallel for each concentration, and the results are presented as meanϮstandard deviation (S.D.). Controls were performed in which only culture media was added. After 12 h of incubation in hypoxic conditions, cells were measured with the CCK-8 kit.
Adhesion Assays Adhesion assays were performed in 96-well culture plates. Wells were pre-coated overnight at 4°C with bovine serum albumin (BSA, 2% w/v, Sigma) or vitronectin (10 mg/ml, Sigma). The cells were seeded at 2ϫ10 4 /100 ml/well in serum-free DMEM supplemented with 0.1% BSA. The cells pre-treated with DT-13 (12 h) were allowed to adhere for 60 min with 1% O 2 or 24% O 2 at 37°C. Non-adherent cells were removed by gentle washing with PBS, and adherent cells were measured with the CCK-8 kit.
Invasion Assays Human breast cancer cell invasion was assayed in Transwell chambers (8 mm pore size; Corning, Lindfield, NSW, Australia). The surface of the filter membrane was coated with 30 mg of Matrigel (Sigma) for 2 h; 3ϫ10 4 cells/well were seeded into the upper chamber and were allowed to invade toward a serum gradient (2% FCS) in the bottom well for 12 h at 37°C in 1% O 2 or 24% O 2 . Subsequently, the cells were fixed in 10% buffered formalin, permeabilized in 0.1% Triton-X 100 and stained with 0.5 mg/ml 4Ј-6-diamodino-2-phenylindole (Sigma). Cells remaining on the upper side of the insert were removed by wiping with cotton wool, and the membrane was mounted on a glass slide. Cells that had migrated to the underside of the membrane were counted under a fluorescence microscope at 400ϫ magnification, and the average number of cells in five microscope fields/membrane was determined.
12)
Enzyme-Linked Immunosorbent Assay (ELISA) Cells were incubated under hypoxic conditions for 12 h, and then conditioned medium was collected and stored at Ϫ80°C until analysis. The matrix metalloproteinase 9 (MMP-9) ELISAs were performed according to the manufacturer's instructions (R&D Systems).
TF Pro-Coagulant Activity (PCA) Determination TFactivated factor VII (VIIa) compounds activate factor X into factor Xa which can break down a chromogenic substrate (chromogenic substrate, S-2222) into peptides and p-nitroaniline (pNA). The latter has an absorption peak at 405 nm measured by a microplate reader, and the optical density (OD) value reflects the level of TF PCA. Briefly, cell lysate (18 ml) and human prothrombin complex solution (2 ml, 0.01 g/ml, containing CaCl 2 5 mM) were added into the 384-well plate, co-incubated at 37°C for 15 min, and then preheated chromogenic substrate (20 ml, 0.5 mM, containing 25 mM ethylene diamine tetraacetic acid) was added to each well and incubated at 37°C for 3 min before absorbance values were measured at 405 nm in a microplate reader. 13, 14) Short Interference RNA (siRNA) Transfection The chemically-modified siRNA oligonucleotides specific for early growth response gene-1 (Egr-1) were purchased from Ambion (Austin, TX; Genbank accession nos. NM_001964). Transfections (50 nM Egr-1 siRNA) were accomplished using the Silencer siRNA Transfection II kit according to the supplier's instructions (Ambion). Twenty-four hours after transfection, MDA-MB-435 cells were placed in hypoxia (1% O 2 ) for 12 h.
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) RNA was isolated using TriPure Solution (Roche) following the manufacturer's instructions. Primers were designed using the Primer Premier 5 software, and cDNA was prepared using the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, U.S.A.) with oligo-dT and random hexamers under standard conditions. The primers used for qRT-PCR of Egr-1, TF, av, b3 and b-actin were: Egr-1 forward 5Ј-TGACCGCAGAGTCTTTTCCT-3Ј and reverse 5Ј-TGGGTTGGTCATGCTCACTA-3Ј; TF forward 5Ј-GCC-AGGAGAAAGGGGAAT-3Ј and reverse 5Ј-CAGTGCAA-TATAGCATTTGCAGTAGC-3Ј; av integrin forward 5Ј-GC-TCATCGTTTCCATTCCAC-3Ј and reverse 5Ј-CTTCAGT-CTCAGGGTTCTCC-3Ј; b3 integrin forward 5Ј-TCATCAC-CATCCACGACCGA-3Ј and reverse 5Ј-ATTCTCCCAACC-TACCC-3Ј; and b-actin forward 5Ј-TCACCCACACTGTGC-CCATCTACGA-3Ј and reverse 5Ј-CAGCGGAACCGCT-CATTGCCAATGG-3Ј; qRT-PCR was carried out on an iCycler Real-time PCR Detection System (Bio-Rad) using SYBR green I as the detection dye. The amount of target gene mRNA relative to the internal control was calculated using the cycle threshold (DDCT) method as follows: relative expression= 2
ϪDDCT , DDCTϭDCT (test) ϪDCT (calibrator) . Western Blot Analysis Cellular protein extraction and Western blot analyses were performed as previously described. 12) Briefly, 40 mg of protein was fractionated using 10-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto Enhanced Chemiluminescence (ECL) nitrocellulose membranes under semi-dry conditions. Immunodetection was performed using the ECL system (Amersham Pharmacia Biotech). Blots were probed with murine anti-human antibodies against Egr-1 (R&D Systems), TF (R&D Systems), av integrin (Santa Cruz), b3 integrin (Santa Cruz) and actin (Sigma). Horseradish peroxidase (HRP) linked anti-mouse immunoglobulin G (Sigma) was used as a secondary antibody. Immunoreactive proteins on the membrane were visualized by ECL Western blotting detection reagents (Amersham, U.K.). green fluorescent dyes were mixed at a ratio of 1 : 1, and 2.5ϫ10 6 cells suspended in PBS were introduced by tail vein injection. The ratio of green-to-red fluorescent cells in the injected suspension was measured by counting in a fluorescence microscope. Lungs were harvested 15 min or 7 h after injection, and the tissues were sectioned in a cryostat. The fluorescent cells in five random fields (200ϫ magnification) of each section were counted. 15) Statistical Analysis Quantitative data are expressed as meanϮS.D. Comparisons were analyzed by the Student's t test. Significance was defined as pϽ0.05.
RESULTS
Effects of DT-13 on Cell Proliferation in Hypoxia
Exponentially growing MDA-MB-435 cells were cultured continuously in the absence or presence of different concentrations of DT-13 or HCPT in hypoxia. The effects of DT-13 on cell growth were assessed by the commonly used CCK-8 kit assay at different concentrations (10 Ϫ7 -10 Ϫ4 M). As shown in Fig. 2 , DT-13 treatment for 12 h had not significantly inhibited the growth of MDA-MB-435 cells. The inhibitory effect of DT-13 was less than 15% whereas HCPT (10 mM) was 61.41%. The concentrations which did not cause cell death were then employed in subsequent studies.
The Inhibitory Effect of DT-13 on Tumor Cell Adhesion to Vitronectin During the 60 min adhesion assay, few of the cells adhered to the control BSA coated wells. In normoxic conditions, MDA-MB-435 cells adhered only weakly to vitronectin, and DT-13 had no significant effect on cell adhesion (Fig. 3A) . As shown in Fig. 3B , MDA-MB-435 cell adhesion to vitronectin increased by 68.8% in hypoxic conditions (pϽ0.01 compared with normoxia). DT-13 treatment decreased the tumor cell adhesion to vitronectin in hypoxia at both concentrations of 1 and 10 mM, and the inhibitory rates were 43.5% (pϽ0.05, compared with hypoxia) and 60.8% (pϽ0.01, compared with hypoxia), respectively. The results shown were the mean of three parallel experiments (triplicate wells) for each concentration point. Tumor avb3 integrin contributes to the spontaneous metastasis of breast tumors. 16) Our previous findings showed that hypoxia-induced adhesion to vitronectin was mediated specifically via avb3 integrin. As shown in Figs. 3C and D, av or b3 mRNA expressions were up-regulated by 737% and 496% under hypoxia, respectively, and DT-13 (1 or 10 mM) treatment of MDA-MB-435 cells significantly inhibited avb3 mRNA expression. DT-13 at 10 mM inhibited av by 58.2% and b3 by 48.6%. These results corresponded to those found at the protein level (Fig. 3F) , indicating that adhesion to vitronectin was mediated specifically via avb3 integrin, and DT-13 inhibited hypoxia-induced cell adhesion partially through the avb3 pathway. DT-13 had no significant effect on the protein expression of avb3 (Fig. 3E) under normoxia conditions.
Effects of DT-13 on MDA-MB-435 Cell Migration Site-specific metastasis has been proposed to be regulated, in part, by adhesion to and invasion towards the extracellular matrix (ECM) at metastatic sites. Therefore, to explore the role of DT-13 in these processes, we firstly explored the effect of DT-13 on cell migration under normoxia. A transwell assay was done while cells were cultured during normoxia overnight. DT-13 had no significant effect on cell migration under normoxia conditions (Fig. 4A ). As shown in Fig. 4C , the migratory response was more than 48.4% higher with the cells under hypoxia than the normoxic control ( pϽ0.01). When 1 or 10 mM of DT-13 diluted with serum-free medium were placed in the lower chamber of the transwell in which MDA-MB-435 cells were seeded in the upper chamber for 12 h, the migratory response under hypoxia were inhibited by 20% and 30%, respectively, as compared to the control cells cultured under normoxic conditions. Tumor cells secrete matrix metalloproteinases (MMPs), which degrade ECM and facilitate tumor cell invasion. 17) In our study, DT-13 had no significant effect on MMP-9 secretion under normoxia conditions (Fig. 4B) . As shown in Fig.   4D , hypoxia induced MMP-9 secretion in MDA-MB-435 cells and addition of DT-13 (10 mM) significantly attenuated the MMP-9 secretion during hypoxia. These results demonstrated that DT-13 reduced MMP-9 secretion during hypoxia and decreased cell invasion in breast cancer cells.
Effects of DT-13 on TF in Human Breast Cancer Cells under Hypoxic Conditions DT-13 was shown above to decrease the expression of avb3 integrin, which is known to be regulated by the cytoplasmic tail of TF. Therefore, we detected the effect of DT-13 on TF. The PCA in cultures of human cancer cells was previously shown to be associated with TF. 18) We confirmed that the human breast carcinoma MDA-MB-435 cells exhibited PCA and demonstrated that it depended on the presence of factors VII and X in the substrate plasma. As shown in Fig. 5A , MDA-MB-435 (1ϫ10 5 cells/well) expressed TF mildly under normoxic conditions and PCA of TF increased by 40.5% after 12 h of hypoxia. DT-13 treatment decreased hypoxia induced up-regulation of TF activity in a dose-dependent manner, and the inhibition of DT-13 was 40.8% at 1 mM and 87.9% at 10 mM. Hypoxia also resulted in marked up-regulation of TF in metastatic mammary carcinoma cell lines. Expression of TF mRNA in hypoxia was about 75-fold higher than that in normoxia (Fig.  5B) . The expressions of TF mRNA were 33% and 68% lower than in hypoxia after DT-13 treatment 1 mM or 10 mM, respectively (Fig. 5B) . Meanwhile, we also showed that the DT-13 correspondingly attenuated hypoxia-induced up-regulation of the TF protein (Fig. 5C ). These data demonstrated that DT-13 could directly regulate TF expression in cancer cells under hypoxia, but the mechanism remains unknown.
Effects of DT-13 on Egr-1 in Human Breast Cancer Cells under Hypoxic Conditions
Because the binding sequences for the Egr-1 transcription factor are found in three GC-rich regions of the TF promoter that is critical for maintaining basal expression of the gene, 19) it is reasonable to hypothesize that the inhibitory effect of DT-13 on TF may be related to Egr-1 activity. As shown in Fig. 6A , the expression of Egr-1 mRNA in MDA-MB-435 under hypoxic conditions was increased by 27-fold compared with that under normoxia. DT-13 significantly inhibited hypoxia induced up-regulation of Egr-1 mRNA by 50% or 62% at 1 or 10 mM, respectively. siRNA Egr-1 as a positive control decreased the expression of Egr-1 mRNA by 86%. DT-13 also decreased the protein levels of Egr-1 induced by hypoxia (Fig. 6B ) in human breast cancer cells. Taken together, these experiments suggested that the inhibition of cancer cell migration induced by DT-13 was caused, at least in part, by affecting TF through regulation of Egr-1.
Effects of DT-13 on Egr-1/TF Signaling Pathway under Hypoxic Conditions Hypoxia markedly up-regulated TF and Egr-1 in the metastatic mammary carcinoma cell line. Egr-1 siRNA dramatically attenuated but did not fully inhibit this hypoxia-induced up-regulation of TF expression, suggesting that this phenomenon cannot be attributed only to the regulation of Egr-1.
Interestingly, DT-13 could still inhibit the up-regulation of TF mRNA, protein, and PCA levels in hypoxia after Egr-1 siRNA treatment (Fig. 7) . These results showed that the DT-13-mediated decrease of TF expression during hypoxia in breast cancer cells was not only due to its inhibitory effect on Egr-1. Taken together, the findings suggest that DT-13 regulates hypoxia-induced expression of TF in human breast cancers through both Egr-1 dependent and independent mechanisms.
DT-13 Decreases Extravasation of MDA-MB-435 Cells in Vivo MDA-MB-435 cells were labeled with fixable fluorescent dyes in order to identify them after intravenous (i.v.) injection in nude mice. Cells were stained with the red fluorescent dye CMRA or the green fluorescent dye CMFDA, each of which is cell permeable and, within cells, becomes entrapped by covalent reaction with cytoplasmic proteins. This approach was used in nude mice to study breast cancer cell extravasation, by CMRA (red fluorescent) labeling of DT-13 treated MDA-MB-435 cells and CMFDA (green fluorescent) labeling of normal MDA-MB-435 cells. Figure 8A showed DT-13 treated cells and normal MDA-MB-435 were mixed at a ratio of 1 : 1. In the control studies, lungs harvested at 15 min (instead of 7 h) showed relatively few fluorescent cells which mostly cells were adhering to the lung endothelium that have not yet migrated (Fig. 8B) . Figure 8C showed DT-13 treated cells than normal MDA-MB-435 cells labeled MDA-MB-435 cells in the lung at 7 h after tail vein injection, and less DT-13 treated cells than normal MDA-MB-435 cells were observed. The data are summarized in The cell count ratio in the lung at 15 min was not significantly different from that in the cell suspension used for tail vein injection. The cell count ratio in the lung at 7 h was significantly higher than that in the cell mixture. These data provide evidence that DT-13 decreased lung extravasation of MDA-MB-435 cells after tail vein injection. DISCUSSION DT-13 exerts a wide spectrum of physiological and pharmacological activities. 20) The beneficial effects of DT-13 on tumors 11) and other systems, such as in the cardiovascular 21) and immune systems 22) have been extensively investigated. However, studies on the effect of DT-13 on cancer metastases are rare. Here, we first report that DT-13 decreased breast cancer cells metastasis in vivo and in vitro, potentially through the down-regulation of TF expression under hypoxia, and this effect may be derived from its ability to decrease Egr-1 expression. These results suggest that DT-13 could be a potential agent against tumor metastasis, like many other plant-derived natural compounds. 23) Metastatic disease is the primary cause of death for most cancer patients. Complex and redundant pathways involving the tumor cell and the microenvironment mediate tumor invasion at the primary site, survival and arrest in the bloodstream, and progressive outgrowth at a distant site. Previous research reported that tumor avb3 integrin contributes to the spontaneous metastasis of breast tumors from the mammary gland to the bone. 24) MMPs have been shown to control the processes of tumor invasion and metastasis. 25) Platelets facilitated the invasiveness of tumor cells due to improvement of MMP-9 secretion. 26, 27) Our approach addressed specifically the role of DT-13 on the expression of avb3 in MDA-MB-435 cells. During hypoxia, DT-13 reduced both MDA-MB-435 adhesion to vitronectin and the protein expression of avb3. Hypoxia induced MMP-9 expression but decreased amounts of MMP-9 secreted in response to DT-13 (10 mM). Therefore, DT-13 may inhibit the invasion of tumor cells by decreasing MMP-9 levels in the microenvironment with tumor cells. Further in vivo studies showed that DT-13 had anti-tumor effects, specifically on metastasis. Our combined in vivo and in vitro results suggest that DT-13 can inhibit human mammary adenocarcinoma metastasis by inhibiting tumor cells adhesion and invasion.
Our further experiments determined whether DT-13 had any effect on TF in MDA-MB-435 cells under hypoxia. The effect of TF on metastasis may result from the production of growth factors or adhesion proteins.
28) The expression of several cell adhesion molecules, notably the integrin avb3, has been associated with the metastatic potential of tumor cells. 29) TF influences avb3 function by regulation of thrombin. 30) TF is also a high-affinity transmembrane receptor and co-factor for cellular initiation of the plasma coagulation protease that activates progelatinase, which destroys the basal membrane and allows the proliferation of endothelial cells in the novel tumoral fibrin matrix. 31) TF can also regulate the release of MMP-9 by activation of thrombin. 32) TF may be influenced by hypoxia 33) and may stimulate cancer cell migration. Hypoxia mediates up-regulation of TF in human breast cancer cells, which demonstrates that the oxygen level is an important regulator of TF expression. In this report we found hypoxia could directly increase TF gene expression, protein levels and PCA. Thus, DT-13 derived from natural compounds inhibits MDA-MB-435 metastases by attenuating hypoxia-induced up-regulation of TF.
In this study, we also examined the effect of DT-13 on Egr-1 in MDA-MB-435 cells under hypoxic conditions. Egr-1 is zinc finger transcription factor with binding sequences found in three GC-rich regions in the TF promoter. 33) The results clearly showed that hypoxia significantly increased expression of Egr-1 proteins, while DT-13 down-regulated the expression of Egr-1, which regulated the activation of the TF pathway. After Egr-1 siRNA treatment, DT-13 could still inhibit TF RNA and protein levels and its activity. These results suggested that DT-13 affected hypoxia-induced expression of TF in MDA-MB-435 cells partly by inhibiting Egr-1 expression and consequently decreasing its binding to the TF promoter.
In conclusion, this is the first report of the inhibitory effects of DT-13 on tumor cell adhesion and migration during hypoxia in breast cancer cells. Our results provide evidence of a possible link between the anti-tumor metastasis effects of DT-13 and TF. Recent encouraging observations of antitumor effects of heparinoids [34] [35] [36] suggest that TF-directed agents could prove to have effective results. Thus, DT-13 may be a component of TCM with potential anti-tumor metastasis activity.
